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RAiN J. Spatial co•ras: sensitivity through Aviator's Night Vision visual range. Thus, one must have quantitative control
Imaging System. Aviat. Space Environ. Med. 1993; 64:706-40. over intensity and intensity differences (contrast) in the

VWsua usul) Is offte used to son" vdeo Ihresag log" In-neniy inest
VtM ty , ei 8sA M mighw vision @a@be tPWS). Fewer near infrared (600-900 nm) to activate third generation

ttepta hbe" bow mmto =*move cewtst sensitivity devices with meaningful stimuli. In a recent study of
the~ h vwS06. lsh Im -Ine wMuld be M to beow u- visual acuity Kotulak and Rash (5) provided an effective
daersn d estmue pie w o• W* Me under -was- ia.* stimulus to third generation devices by using a light
um eed t15m5. le ris udy, • mwatd leter w e source with spectral characteristics which simulated dif-w used 5. mesas. esaretamessltlvlty treug theud
stn~9 fra Vow of . mu e .4 In Md Phosphor 00 a ferent night sky conditions.
smedrd seer uamlr prveed t be u offaeiv. ssullmu fwr In the present study a simpler approach was used to
sd uet d me imht sky msttieas ware measure contrast sensitivity through third generation

edm ewelm mrm .3 klaumit re The1resudts Illuttru the pus. image intensifiers contained in the Aviator's Night Vi-

r goMW . . v ý of *,wwrf.Vs sion Imaging System (ANVIS). The red phosphor of a
Mt-e0 NW.mMeaaseemsaftbtuldwiýthme devke ba standard color monitor provided a spectrally narrow
at the swmý lxmue and ealer diMw agulsh betwe fesm ts at stimulus within the ANVIS sensitivity range. Corn-
kiudreinsa eud mes em GO ea, OMM t. puter-generated charts consisting of letters of different

contrasts were used to measure contrast sensitivity

VT ISUAL ACUITY has been used exz:nsively to through ANVIS over a range of letter sizes. Neutral
revaluate and to describe vision through image density filters were used to produce larger changes in

tensifying devices (night vision goggles). These studies intensity to ANVIS to simulate different night sky con-

determined the resolution limit of night vision devices ditions over a 3 log unit range. The results provide an

under various conditions of ambient illumination and index of contrast sensitivity through ANVIS over a

contrast (5,6,10,14). Fewer attempts have been made to range of uight sky conditions. In addition, measure-

measure contrast sensitivity through image intensifyin ments through ANVIS were compared to measure-

devices. Such information would be useful since acuity ments obtained without the device, but at the same lu-
provides only the limit of resolution, while contrast sen- mmance and chromaticity. Regression equations were

sitivity can provide a more comprehensive index of vi- derived from these data to estimate effects of luminance

sual function over a range of stimulus sizes. Wiley and and noise on contrast sensitivity through ANVIS.

Holly (15) used sinusoidal gratings to measure contrast
sensitivity through second generation image intensifiers MTHODS
over a range of spatial frequencies. Their results defined
the limits of human contrast sensitivity for a range of The stimuli for measuring contrast sensitivity through
night sky conditions. ANVIS were letter charts software-generated on a VGA

It has been technically more difficult to quantify con- color monitor. Only the red phosphor of the monitor
trast to third generation image intensifiers. This is be- was used to limit the spectral composition of the stimuli
cause third generation devices have a spectral sensitiv- to the spectral range of ANVIS. Although ANVIS has
ity in the near infrared, which is largely outside the maximal sensitivity in the near infrared (750 nm), little

infrared radiation is emitted by the red gun of the color
From the SMery Reach Division, U.S. Army Ammedical Re- phosphor (P22) such that its output between 600-720 nm

sme Labmrtory. Fort uckiter. AL. constitutes the primary stimulus for ANVIS. Because
This mumAwlpt was received for review in Nover IM an neutral density (ND) filters are fairly flat over this spec-

accepted for pubtlcadoe Decembe 1992.
Address reprint requests to: MAI Jeff Rabin. USAARL. Attn: tral range, it was possible to introduce large reductions

SORD-UAS-VS, P.O. Box 620577 P. R•ackr. AL 36362-07. in monitor intensity with ND filters. Smaller intensity
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CONTRAST SENSITIVITY & ANVIS-RABIN

differences necessary to generate letters of different ity. This, again, corresponded to 3.5 log unit attenuation
contrast were produced by software control. of the red screen producing a stimulus with a luminance

The letter charts were patterned after the Pcli- of 0.01 cd/rm. This condition corresponded to our sim-
Robson contrast sensitivity chart (8). This chart con- ulation of full moon illumination.
sists of letters of constant size but progressively lower Contrast sensitivity was measured at a distance of 40
contrast as one reads down the chart. The measurement cm from the monitor to the halfway point of the ANVIS
is designed to provide an index of sensitivity for spatial tube. All measurements were performed monocularly
frequencies near the peak of the contrast sensitivity using the subject's right eye and the right tube of a
function. In the present study, a series of four charts binocular ANVIS mounted on a table. The left tube was
was generated, each consisting of letters which differed occluded. Except for the monitor, all sources of illumi-
by a 2x factor in size. Assuming that recognition of nation were extinguished, and the monitor intensity was
letters at threshold depends primarily on spatial fre- reduced by placing ND filters in a filter holder directly
quencies of 1.5-2.5 cycles/letter (4), then the dominant against the objective side of the ANVIS tube. The tube
spatial frequencies of the four letter charts used in this was initially focused by the experimenter, and then re-
study were 0.5, 1.0, 2.0, and 4.0 cycles/degree at a test checked for each subject by inspection of a small patch
distance of 40 cm. Each chart consisted of six rows of of vertical square wave grating centered in the monitor
letters with five letters per row. Due to the larger size of screen. Each chart was then displayed at the full moon
the 0.5 cycle/degree letters, only three letters were in- condition, and the subject was asked to read as far down
cluded in each row. Contrast was varied by altering the as possible. Guessing was encouraged and the subject
intensity of the letter by software control, while the was advised to take ample time to perform each letter
background was held constant at the maximum level recognition (3). The measurements were then repeated
used (letters portrayed as decrements relative to a fixed with 1, 2, and 3 log units of stimulus attenuation corre-
background). Contrast was computed using the Michel- sponding to our simulation of ¼ moon. starlight, and
son (7) equation, defined as the luminance difference overcast conditions. Scoring was performed by letter in
between letter and background over the sum of these log contrast sensitivity units (1). Because there were 5
values, and decreased in 2 x steps from 64% at the top letters per row, and each row changed by 0.3 log units,
of each chart down to 2% at the bottom. Photometric each letter represented 0.3/5 = 0.06 log units contrast
measurements of the ANVIS display in response to sensitivity. The largest letters had only three letters per
software-controlled steps in monitor intensity revealed row making each letter worth 0.1 log units. Five sub-
excellent agreement between changes in monitor lumi- jects (age 21-40; mean = 29.5 years) with normal vision
nance and ANVIS display luminance. Thus, for uniform and visual acuity corrected to 20/20 participated in this
field stimulation, differences produced by software con- study.
trol of the stimulus produced equivalent differences in In separate sessions, contrast sensitivity was inca-
the ANVIS display luminance. sured on the same subjects with a stimulus that simu-

ND filters were used to introduce larger changes in lated the ANVIS display at each night sky condition.
effective stimulation to ANVIS in order to simulate dif- The same charts were used, but modulated in contrast
ferent night sky conditions. The irradiance of the night using only the green phosphor of the color monitor to
sky in the spectral range of ANVIS (600-900 nm) de- simulate the green phosphor of the ANVIS display. To
creases by approximately 3 log units between full moon determine the display luminance for each night sky con-
and overcast starlight conditions (5,9). To simulate this dition to use in the simulation, the luminance of the
reduction in effective stimulation to ANVIS with de- ANVIS display was measured over a range of intensi-
creasing night sky illumination, measurements were ob- ties produced with a series of ND fdters. As noted
tained with 0, 1, 2, and 3 log units of stimulus attenua- above, this revealed a region at which the display lumi-
tion relative to the full moon condition. These four nance was initially constant (measured as 1.8 fL) and
conditions were designated full moon, 1/4 moon, star- then declined as the automatic gain control stopped
light, and overcast. The amount of monitor attenuation functioning. The relation between log ANVIS lumi-
(3.5 log units) necessary to achieve full moon stimula- nance and ND filter attenuation is shown in Fig. I for
tion was determined by several criteria. First, the lumi- decreasing portion of the curve. The simple linear equa-
nance of the stimulus to ANVIS (0.01 cd/m2) was equal tion derived from these data enabled us to estimate the
to the value specified for night sky luminance under full display luminance for each night sky simulation (1.8,
moon conditions (5,9). Second, photometric measure- 1.2, 0.2, and 0.03 fL for full moon, V4 moon, starlight,
ment of the ANVIS display with different amounts of and overcast conditions, respectively), and these values
stimulus ND attenuation revealed an intensity range were used to simulate the ANVIS display under each
over which the ANVIS display luminance remained condition. Contrast sensitivity was measured on each
constant and then began to drop with further decre- subject under these simulated conditions in the same
ments in stimulus intensity. This eventual decline in manner described for the ANVIS measurements.
ANVIS display luminance presumably reflects the point
at which the automatic gain control of the device stops RESULTS
operating. Inspection of the display with small increases
in intensity (0.1 log steps) above this point revealed a In this study spatial contrast sensitivity was measured
second region at which visual noise (scintillations) ap- as a function of letter size, night sky illumination level,
peared minimized, and further increases in intensity re- and viewing condition (ANVIS vs. simulation). A re-
vealed no further improvement in perceived image qual- peated-measures three-way analysis of variance re-
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CONTRAST SF ITrVrTY & ANVIS-RABIN
were replotted in Fig. 3 as contrast sensitivity vs.

we Gam *AM 3.0 0 U6 INOmW) Snellen letter size for each night sky condition. It is of
o.1 interest that the peak of the function under optimal, full

Log ANVlS diay moon conditions (log contrast sensitivity = 1.5) corre-
kaminance PQL) -sponds to a Michelson contrast threshold of about 3.2%.

This threshold is 2-3 x higher than values reported with-
out image intensifying devices (2.3,13). Thus, the best

-2 contrast sensitivity through ANVIS is about 2x less
than one would predict from the assumed luminance

.3 and contrast of the ANVIS display. Another important
4 - 6 7 8 feature illustrated in Fig. 3 is the reduction in contrast

Stirmuus attenuation (log units) sensitivity with decreasing night sky illumination. Sim-

Pig. 1. Plkt setk w.seremeaet of ANVIS dispily lumi- ilar contrast sensitivity findings have been reported for
Saer plottd "g lsom1t g stl lus attenuation produced second generation image intensifiers (15) and for visual

wifth ND fiten of dKiorostl mounts Tkereges. f equatio n acuity through both second and third generation devices
skyowd uodt mtins dable py luomaf3rhunit rmp.ie , (5.6,10,14). The present results complement and extend

these findings by showing that contrast sensitivity

through ANVIS decreases over a range of letter sizes
vealed significant main effects of letter size (F3.6, with decreasing night sky illumination.
122.64, p < 0.0001), night sky (F3.U = 206.96, p < Whereas the reduction in contrast sensitivity with de-
0.0001), and viewing condition (Fl." = 595.54, p < creasing night sky illumination was observed over a
0.0001), and a significant interaction between letter size range of letter sizes, this effect increases somewhat with
and night sky for the ANVIS condition (F9.64 = 6.42, p spatial frequency (decreasing letter size). Fig. 4 shows
< 0.0001). We will first consider contrast sensitivity mean (± I S.E.) contrast sensitivity plotted against the
through ANVIS, and how it depends on letter size and four night sky conditions for the largest (2011200) and
night sky. ANVIS measurements will then be quantita- smallest (20/150) letters used in this study. As indicated
tively compared to simulated ANVIS measurements to in this figure. the total reduction in contrast sensitivity
estimate effects of display luminance and electro-optical with decreasing night sky illumination was greater for
noise on contrast sensitivity, the smaller letters (. I vs. 0.6 log units), and this differ-

ence was significant (t = 7.32, p < 0.005). Hence. the
Contrast Sensitivity Through ANVIS reduction in contrast sensitivity through ANVIS with

Fig. 2 shows mean (± I S.E.) contrast sensitivity plot- decreasing night sky illumination is greater for objects
ted against the four dominant spatial frequencies tested. of smaller size.
Separate plots are shown for each simulated night sky
condition (full moon, V, moon, starlight, and overcast). Noise and Luminance Effects On ANVIS
As shown in many previous studies (2,11.12.13). con- Contrast Sensitivity
trast sensitivity peaks at moderate frequencies and then
declines with increasing spatial frequency. The absence To determine factors which govern the decline in
of low spatial frequency attenuation in these plots sug- ANVIS contrast sensitivity with decreasing night sky
gests that recognition of the largest letters depends illumination, measurements through ANVIS were comt-
on both low and moderate spatial frequency compo- pared to measurements made without the device, but at
nents in these letters. Measurements with a spatially the same luminance and chromaticity as the ANVIS
less complex stimulus (sinusoidal gratings) would prob- display. These comparisons between actual ANVIS
ably show a decline in sensitivity at frequencies <2 cy- contrast sensitivity and simulated ANVIS revealed
cles/degree, higher contrast sensitivity in the simulated condition at

In view of problems noted above with describing let- all night sky illuminations. However, because we were

ters in terms of spatial frequency, the data from Fig. 2
Contrast sensitivity through ANVIS

Contras senltvity tivhrough ANVIS 1.8 W _55tl ..- Fua eoon

Log contrast Log Contrsat 1.2-

0.9*nowiiIE. ons 0.9-

0.s v1 s mSM 0.6"

0.3. 0.3'

0.0 0.0
.11 10 20/1200 201600 20/300 20/150
Dominaint spoal ifrency (cydleseg) Snellen letter size

PMg. 2. The m (,1 LL) leg eatrest sensihtvity ib pl~te Pie. 3. The mena (*1 UI.) lMg contrst sesltivity Is ploted
ageinst the domisunt sputim frequency of the four letters aluolst Seoo letter siea for smck of the four nmg4t sky comdi-
#*e&e ý ep plots kw feor .ak mg sky aditle. thee.
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CONTRAST SENSMJVITY & ANVIS-RAEBhN
Difference in log contrast sensitivity - 0.32 + 0.12 x (night sky)

Eq. I
W21 This regression model is statistically significant (Fl,,

O's2 0Slagu3

Lo onrst 2 34.13, p < 0.0001), and accounts for about 50% of the
Log Cl1"50 variability in contrast sensitivity differences between

sni" 0.9' 20ti 50 the simulated and ANVIS conditions (r2 =0.47). If we
0.8 T assume that scintillation noise effects are present only

Units a oe ih ees(ih k .2 r3,te h
0.3 noise term is given by the product:

Fe.0 0.12u atlwrlgxlvl (night sky) Eq. 2,o2) te h
Fulmoont 114 moon Starlight Ove0r2casth sy)Eq

Night sky and this term drops out under full moon conditions.
fig. 4. 11111. (*I S.1.) log contrast sensitivity Is plotted Nevertheless, the model indicates that even under op-

oleglnast meals allibil sky cooditlln for the largest (20/1200) and timal stimulation to ANVIS therc is, on the average, a
smallest (=011") Whates testled. The Intel reductien In contract 0.3 log unit (2x) difference in contrast sensitivity unex-
sensiatIvity with a -ee hail night sky Illumuiunation Is ifldetd plained by display luminance. Decreasing illumination
fo 011So letwis~Ohu~aW0tOltes 1.Meut below optimal levels reduces contrast sensitivity 0.12

8W 20150 ~log units per log unit reduction in stimulation.
In order to extract the effect of luminance on AN VIS

unable to generate contrasts low enough to reliably contrast sensitivity, all ANVIS contrast sensitivity val-
measure simulated ANVIS thresholds for the larger let- ues for the letter sizes 20/300 and 20/150 were plotted
ters (20/1200 and 20/600), direct quantitative compari- against night sky stimulation in the manner described
sons were not possible in these cases. Our comparisons above. The best-fitting function to describe this relation
were thus limited to the 20/300 and 20/150 letters which was a second order polynomial illustrated in Fig. 6. This
approximate spatial frequencies of 2-4 cycles/degree, model of total contrast sensitivity as a function of am-
Inasmuch as the simulated thresholds were obtained at bient illumination was also significant (F2 .37 =85.09. P
the samw luminance and chrotnaticity as ANVIS, any < 0.0001) accounting for 82% of the variation in ANVIS
4ifference between simulated and ANVIS thresholds contrast sensitivity (rP = 0.82). Because the second co-
could not be explained by luminance differences, but efficient in the polynomial expression was not statisti-
could reflect electro-optical "noise." To quantify this cally significant (p > 0.9), it was omitted from the equa-
noise effect as a function of ambient stimulation, al tion such that total ANVIS contrast sensitivity is related
within-subject contrast sensitivity differences (simu- exponentially to night sky illumination:
lated ANVIS-real ANVIS) for 20/300 and 20/ISO letters Total contrast sensitivity = 1.20 - 0. 11 x (night sky)2  Eq. 3
were plotted as a futnction of night sky illumination.
Different night sky levels were assigned quantitative Because in our model night sky was zero under full
values of 0, 1, 2, and 3 corresponding to full moon, V4 moon conditions, the total loss in contrast sensitivity
moon, starlight, and overcast conditions. These values with decreasing ambient illumination is given by the
are not arbitrary since each corresponds to about I log relation:
unit difference in stimulation to ANVIS. The least Total contrast sensitivity loss - 0. 11 x (night sky)' Eq. 4
squares linear regression of the difference in contrast
sensitivity plotted against night sky is shown in Fig. S By subtracting the effect of noise from total contrast
and described by the relation:

Contrast sensitivity *1.20 - 0.11 x (rught Sky)2

Coner hsmibey tu Ion kmnatu 0.32 *012 a:~ tiusky)~

DMffeenc in log Lgcnrs 2

(similo - NI) OS

0 1 2 3 0 1 2 3
luwonoems (full mooni -............... 0"tC551)

01ig. S. The Wlthinsubge difernse In begcm Weni nowt senitlly ~t
full ANW4 end ainulete ANVIS Is pl-Aotted gelest dirtsy It. fig. 6. Lag ANVMl contrast seeslithrity for 2013110 mand 2041111
lumlmeh.whe le 0, 1, 2, ead 3 searspemd to el s. eans, 'I. Settes Is pla~ttd agains might sky cenditien us described In Flo.

mae., ~ ~ ~ ~~1- u--ihea vret edtes respectively. The dafte S. Theon hea ttsuaes Polynomial rarese loctie Is ahewn
wee8 -~s 20.1111ad 20/180 loters. The hea0 stueres egreesle with the -eevape Ion equeleftl. The sessed seefent W"s
She elid wqehee ske., mited aime Inchised atetathteal sligmfhenes.
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CONTRAST SENSITIVITY & ANVIS-RABIN

sensitivity loss at ea,, night sky condition, the influ- bined effect of lower display luminance and increased
ence of decreasing display luminance can be extracted. electro-optical noise. The development of image inten-
Table I shows the impact of electro-optical noise and sifiers which provide greater display luminance and
luminance on ANVIS contrast sensitivity for various lower noise at starlight and overcast levels of illumina-
levels of stimulation. tion will improve visual performance and enhance avi-

ation safety. This study provides initial quantitative es-
DISCUSSION timates of the impact of noise and luminance on ANVIS

This study illustrates the profile of contrast sensitivity performance under low light levels.
through ANVIS over a range of letter sizes. Maximum It is noteworthy that the red phosphor of a standard
contrast sensitivity is about 2 x less than sensitivity color monitor can be used as an effective stimulus for
tested without the device under comparable conditions third generation image intensifiers. Software-controlled
of stimulation. This suggests that, even under optimal steps in phosphor intensity provided quantitative con-
ambient levels of illumination, contrast sensitivity is trol over contrast to ANVIS. Different night sky condi-
slightly attenuated through ANVIS over a range of spa- tions were simulated by reducing monitor intensity with
tial frequencies. Similar findings were reported by neutral density filters. This expedient approach will
Wiley and Holly (15) for second generation image inten- prove to be a useful tool for further assessment of vision
sifiers, and can also be inferred from inspection of vi- through image intensifying devices in laboratory set-
sual acuity measurements through second and third gen- tings.
eration devices. The etiology of this small attenuation in
contrast sensitivity under optimal stimulus conditions is REFERENCES

unclear, but could reflect limiting electrical or optical I. Baile, IL. Bullimore MA. Raasch TW. Taylor HR Clinical grad-
ing and the effects of scaling. Ophthalmol. Vis. Sci. 1991; 32:properties of the device. 422-32.

Contrast sensitivity decreased substantially with de- 2. De Valois RL. De Valois KK. Spatial Viion. New York: Oxford
creasing night sky illumination, and this reduction was University Press. 19"8.
observed for a range of letter sizes. These findings are 3. Elliot DB. Sanderson K. Conke) A. The rel:abilit% of the Pelli-
consistent with previous measures of contrast sensitiv- Robson contrast sensitivity chart. Ophthal. Physiol. Opt. 199W:10:21-4.
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smaller letters (higher spatial frequencies), Fort Rucker. AL: U.S. Army Aeromedical Research Labora-
A comparison of measurements through ANVIS to tory, 1992: USAARL Report No. 92-9.
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through ANVIS under reduced levels of illumination. 99.
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